White matter abnormalities have been detected using di¡usion tensor imaging in a variety of locations in the brains of patients with schizophrenia. Studies that included ¢rst-episode patients report less severe or no abnormalities but more pronounced de¢cits in chronic patients. Here, we investigated these abnormalities in a very large group of patients with schizophrenia who had both large ranges in age and in duration of illness. A highly reproducible di¡usion tensor imaging tractography technique was used to quantify the fractional anisotropy of the genu and splenium of the corpus callosum as well as the bilateral pyramidal tracts. We found a decline in fractional anisotropy that correlated with the duration of illness in the genu and splenium of the corpus callosum but not in the pyramidal tracts.The ¢ndings suggest that there are white matter tract-speci¢c degenerative mechanisms that may be present at the point of illness onset and may progress throughout the illness.
Introduction
Schizophrenia is hypothesized to be the result of dysfunctional integration among discrete neuronal systems [1] . As recent evidence pointed to the abnormal expression of myelin-related genes in patients with schizophrenia [2] , researchers are revisiting hypotheses of disconnectivity in schizophrenia and shifting focus from strictly neurotransmitter-based primary mechanisms to white matter abnormalities as the potential underlying neuropathology [3] . Here, we investigated the temporal characteristics of white matter abnormalities in schizophrenia.
It is important to establish whether the pathogenic agent of schizophrenia is static or progressive to guide the design and development of novel therapeutic strategies. The temporal dynamics of white matter abnormalities in schizophrenia are not clear, but advances in medical imaging provide a window through which this phenomenon can be viewed. The advent of diffusion tensor imaging (DTI) [4] has allowed for many invivo white matter investigations to bring attention to the anatomic interruption of connectivity that may prove to be the cardinal lesion of schizophrenia [5, 6] . If these abnormalities prove to be progressive rather than static and relate to patient outcome, then it becomes worthwhile to search for new methods to slow down their progress as early as possible.
DTI studies of schizophrenia have not always been consistent and the discrepancies that exist in the literature may in part be owing to the image analysis methods used [5, 7] . The two most popular DTI analysis techniques, whole brain voxel-based analysis and manually placed regions of interest (ROIs), each have shortcomings that could limit the consistency of findings [7] .
DTI tractography is a relatively new method of DTI quantification by which it is possible to follow the directionality of diffusion throughout the brain and reconstruct the major white matter tracts in three dimension [8] .
The results can then serve as tract-specific, three-dimensional ROIs and have been shown to be more sensitive than both voxel-based analysis and manually placed ROIs in detecting tract-specific abnormalities in patients with schizophrenia [7] .
In this study, we applied a highly reproducible quantitative DTI tractography algorithm to investigate the temporal characteristics of white matter abnormalities in a very large cohort of patients with schizophrenia. DTI parameters were quantified for the genu and splenium of the corpus callosum as well as the bilateral pyramidal tracts. We included the pyramidal tracts in this investigation as a control because this tract has not been reported to be affected in schizophrenia. With a very large dataset and an advanced DTI processing technique, we discovered a significant, progressive, tract-specific decline in schizophrenia that is related to the illness duration.
Methods

Participants
One hundred and fifteen patients with schizophrenia were recruited from inpatient, outpatient, day treatment, and vocational rehabilitation service centers following approvals by each institutional review board and receipt of informed consent. The diagnosis of schizophrenia was confirmed by a structured diagnostic interview (Comprehensive Assessment of Psychiatric Symptoms and History [9] ). Drug testing and medical screening were performed to exclude patients with substance abuse and cardiovascular disease that might affect MRI results. One hundred and sixteen healthy comparison participants, who were without any Diagnostic and Statistical Manual Of Mental Disorder-IV axis I disorder, as assessed by the Comprehensive Assessment of Psychiatric Symptoms and History interview, were recruited from the New York area. Participants were excluded if they had a positive urine drugs of abuse screen, a medical diagnosis that may produce white matter changes, a history of brain disorder that may produce cognitive impairment or behavioral symptoms, or an unstable medical condition. Participants were carefully screened with a structured assessment of symptoms, review of medical history, physical examination, laboratory studies, urine toxicology screen, and electrocardiogram to ensure they fulfilled the inclusion criteria.
The necessity to match for age and sex resulted in a reduction in the total number of participants included in the final analysis. Seventy-six patients (51 male, 24 female) who ranged in age from 18 to 78 years (mean¼36715 years) and ranged in duration of illness from less than 1 year to 52 years (mean¼15714 years) were carefully matched for age and sex with 77 healthy participants (52 male, 25 female) who ranged in age from 18 to 82 years (mean¼37717 years). Anisotropy maps comparing the majority of the healthy subjects and patients with schizophrenia have been reported elsewhere [10, 11] . A t-test revealed no difference in the age of the groups (P¼0.7). The influence that several variables, such as medication dose and type, ethnicity, and cognitive function, have on DTI parameters is not well established and were not considered in this analysis.
Image acquisition
All imagings were performed on a 3 T Allegra MRI scanner (Siemens, Erlangen, Germany). The following structural scans were acquired. Axial 3D-MPRage [repetition time (TR)¼2500 ms, echo time (TE)¼4.4 ms, field of view (FOV)¼21 cm, matrix size¼256 Â 256, 208 slices with thick-ness¼0.82 mm]; turbo spin echo T2-weighted axial (TR¼ 5380 ms, TE¼99 ms, FOV¼18.3 Â 21 cm, matrix¼512 Â 448, turbo factor¼11, 28 slices, thickness¼3 mm skip 1 mm); DTI using a pulsed-gradient, spin-echo sequence with EPIacquisition (TR¼4100 ms, TE¼80 ms, FOV¼21 cm, matrix¼ 128 Â 128, 28 slices, thickness¼3 mm skip 1 mm, b-factor¼ 1250 s/mm 2 , 12 gradient directions, five averages).
Diffusion tensor imaging processing and fiber tracking
The diffusion data set was eddy-current and motion corrected using an adaptation of the Camino/SPM package [12] . In-house software was developed in Matlab v2007a (The Mathworks Inc., Natick, Massachusetts, USA) for further processing of the DTI and tractography.
A multiple region brute-force fiber tracking method was used [13] . First, fibers were traced using a streamline tractography algorithm from every voxel throughout the entire volume that exceeded a minimum fractional anisotropy (FA) [8] . Tracking was terminated when FA fell below 0.1 or when the algorithm encountered a sharp angle change in the principal diffusion direction between sequential voxels (451). Second, each tract was indexed such that a queried voxel returns all streamlines that pass through it. Multiple target regions were selected for each tract and are defined below. Only the portion of the tracts that spanned between, and not through, the ROIs was used for the subsequent analysis. Tract integrity was quantified using a normalized line integral of FA along the tract.
Target regions for tractography
The criteria for the tractography were defined in MNI coordinates on the mean of the normalized FA images. The target regions were transformed from MNI coordinates to the original DTI space based on the normalization parameters determined by SPM2 (Wellcome Department of Cognitive Neurology, Institute of Neurology, University College London, London, UK) for each participant. The normalization parameters were computed by coregistering the no diffusion weighted image of the DTI set to the T2turbo spin echo image and then normalizing to the T2 MNI template provided with SPM2. Tractography criteria can be defined on the MNI image and then transformed into each participant's DTI data for tractography. Endpoints for tractography were defined centered in MNI coordinates at (21, 52, 6) and (À21, 52, 6) for the genu, and (À19, À79, 16) and (17, À79, 16) for the splenium of the corpus callosum. The pyramidal target regions were centered at (18, À31, 51) and (10, À22, À17) for the left, and (À18, À31, 51) and (À10, À22, À17) for the right. To avoid erroneous tracking, additional criteria stipulated regions where streamlines must pass through for the genu and splenium of the corpus callosum that were centered at (0, 21, 5) and (0, À37, 14), respectively. The target region selection for tractography was based on the Mori MRI Atlas of Human White Matter [14] , and studies of DTI tractography reproducibility [15] .
Statistical analysis
Statistical analysis was performed using Statistica 7 (Statsoft Inc., Tulsa, Oklahoma, USA). Linear regressions were performed to determine white matter parameter and age relationships for each tract. A homogeneity of slopes test was performed to detect differences between patients and controls in the slope of DTI parameters and age. Analysis of covariance (ANCOVA) was used to calculate age and sex effects on the healthy participants. The duration of illness analysis of the patients was performed after adjustment for age and sex by calculating the residuals from the ANCOVA model. Linear regressions were performed on the adjusted FA values and the duration of illness for patients.
Results
Seventy-six patients with schizophrenia and 77 carefully age and sex matched healthy controls were included for the final analysis. The DTI data were used to quantify the white matter integrity with a brute-force tractography algorithm (Fig. 1) . Renderings of the images were each visually inspected and verified to be consistent with anatomical atlases [14, 16] .
Tract FA was quantified and tested for linear correlation with age for both groups ( Table 1 ). The FA of each tract correlated with age in the healthy participants. The homogeneity of slopes test revealed significant differences in the slopes between controls and patients for only the FA of the genu (t¼À2.5, Po0.05; Table 1 ).
An ANCOVA was used to calculate the parameters for each tract to adjust for age and sex based on the healthy controls. Sex was not a significant factor for any of the four tracts.
The duration of illness correlated with the age and sex adjusted FA of the genu of the corpus callosum (r¼À3.8, Po0.001; Fig. 2 ) and revealed a trend with the splenium (r¼À0.24, Po0.05). No trend was seen in the pyramidal tracts (Table 1 ).
Discussion
Although neuroimaging has greatly advanced the hypotheses of disconnectivity in schizophrenia, the inconsistencies in the literature are still disconcerting. In this study, DTI tractography was used to investigate white matter abnormalities in schizophrenia in what is the largest sample size to undergo this type of analysis to date. With this advanced technique and large sample, we were able to detect a correlation between white matter integrity and the duration of illness.
Abnormality progression throughout schizophrenia
It is important to understand the initial as well as the progressive abnormalities [17] that might contribute to the psychotic symptomatology of patients with schizophrenia. Most studies to date confirm some degree of FA reduction in schizophrenia [5, 6] . Decreased anisotropy of the corpus callosum has been reported by several groups [5] including this group using significance probability mapping [11] and ROIs [10] on an overlapping subject sample. The literature on first-episode patients are less consistent. The discrepant findings in first-episode participants range from regionspecific FA reductions [18] to no observed difference in FA when compared with healthy controls [10] . Several factors could contribute to these inconsistencies and include differences in imaging parameters, processing algorithms, and analysis, small sample sizes with inadequate power, and the overall heterogeneity of schizophrenia. This is the first quantitative tractography study of this size to investigate the temporal nature of white matter abnormalities in schizophrenia. Greater FA reductions in chronic patients compared with first-episode patients with schizophrenia have been demonstrated using a variety of methodologies; yet many groups have failed to observe an inverse correlation between FA and illness duration [10, [19] [20] [21] [22] . One recent study does report such an inverse correlation with illness duration but did not include the confound of aging effects in the model [23] . In this study, we sampled a very large patient cohort that spanned a great range of age and illness duration in addition to a carefully age and sex matched control group. We found that illness duration had a significant negative correlation with the FA of the genu of the corpus callosum, a finding that is in support of a progressive degenerative hypothesis [24] . The tract-specific FA decline, which we showed as occurring throughout the illness, suggests the presence of selective degenerative mechanisms that might be present at illness onset and might continue to damage the white matter throughout the illness.
Although quantitative DTI tractography seems to be more sensitive in detecting FA differences [7] , the method is relatively new and there is no gold standard for comparison. In this study, the target regions for tractography were defined in standard MNI coordinates and transformed back to the original DTI space. One concern is that this method could result in improper localization of the target region in the event of poor normalization. Smaller fiber tracts, such as the cingulum bundle or the fornix, would be more susceptible to tracking errors owing to misalignments from poor normalization. To avoid these problems, we investigated large tracts with multiple large tractographic target regions. In addition, to prevent the inclusion of aberrant tracks and increase the validity of the tractography [13] , we used the brute-force algorithm in combination with a multiple target region criterion. All normalized images as well as threedimensional fiber renderings were visually inspected for distortions and errors.
The FA data reported for several tracts fit a linear regression with participant age, but as the ages of the participants ranged from 18 to 80 years, several points need to be discussed. First, it has been shown that white matter volume [25] and anisotropy [26] increase during the first two decades of life. Second, it is possible that cerebral white matter development continues into adulthood with frontal lobe white matter volume peaking as late as in the fifth decade of life [27] . Both of these phenomena raise the possibility that FA could change between 18 and 80 years of age in a nonlinear fashion. Age effects in our sample appeared to be more pronounced in the FA of the genu of the corpus callosum as it showed a greater reduction with age than the pyramidal tracts. Other aging studies have shown varying rates of decline depending on the white matter tract investigated [23] . It is important to understand the specificity of this healthy decline not only for studying aging, but also for investigating the temporal dynamics of other factors that might affect white matter, such as schizophrenia.
Conclusion
The method of FA quantification utilized in this investigation provides evidence suggestive of a progressive loss in white matter integrity in patients with schizophrenia, beyond that accounted for by healthy aging. The observation of such progressive changes in patients receiving ongoing antipsychotic treatment suggests that these treatments do not arrest this deterioration.
